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I. INTRODUCTION

In a consideration of the long-term utilization of solar thermal

systems, it is apparent that the production of fuels will be one of the

major applications. This is to be expected not only because of the

eventual need of non-fossil fuels, but also because fuels can he stored

and the practical use of high-temperature solar heat will require the

development.of processes that exhibit high conversion efficiencies and

that aiso incorporate energy storage. Since hydrogen can fulfill the

requirement for energy storage, is iteself an attractive transportable

fuel and is the “prime intermediate” in the production of many fuels and

chemicals, a r,~asonahlefraction of the effort in STTF testing should be

directed toward the eventual development of efficient processes for the

prcdllctlonof hydrogen from water,

The potential advantage of hydrogen as an energy carrier and as a

tucl !IJVCb(!rn(!mphasizcclmany times and over Lhc p:ist few years increas-

ing ottcntion has bc(ingiven to solar energy for prodllcinghydrogen. A

grrnt d(!alof rosc;lrcll1]:]sbcrn al!di~ concernc[lwith Lhc Possible us(!of

solar r:~{liationfor thtl photochcrnicnl of ‘tphotocatalytictldecomposition of

Wntl?l”,Wht!nvi(%’fidas !iLlldi[’sof fllnlltlm(’nL,llpll(’nom(”nu,Lhrsc rusc~rrh pro-

gr:lms:lrcvery int(’rf~stln~ ond should not bc discnurngrd. Ilowcvcr,from thr

prrsprctikt? of proc(’ss (l(*v(’lopm(’nt (evrII ]ong r;ln~r)Lhr following rt?;llitic?s

tiho:lld hr rrcoguizr(l:

‘HI(*(1(’(:l~lnl~ositiollof k’lt(’rix ;lhig]l(’nrr~ypro(’rssiIIId only a

sm:lll f’rnctinllrJftll~’:;llllli~lllis illWilV(*l(*ll~tllS With sllffiri(’llt

rn(!rgyfor tllc r(’nl’lion.

SllllliXlll i~ a dil’fllsr rll(’lgy ~ollrco. CoIIH(*qu(’Ii L I,y, Lhr coNL prr

1111it ,1rv;l ni” thr nvllflri,ll or tiystfvn 111.11illl~trce:)t!iLh(’~lln]i~hl

w]I1 !1(’,111 itn[l{)rl,ltll ]Iiltmt of’LIIII l)vIst-iIl I sy~tm cusl (u,g, il (’(}11-

(’fltl~ r;It ill}; mi toI’IIr) ;A (’ll~wli(.,1 I :;(I]II( il,ll [II. ;) :;,.llli~~ll(lll(,t(}l.) ,

~VfIIILII.’Il]yl hydt’fl~l’tl IINI:4L III’ j)Imt){lII(.tlIl i II II i ;;II v()] Innv nL low CONt

i Ii orllrr 10 I)(’ ,111 imlmrl ;InlpiIrl01’lht~l’Iltllr(~(~li(irgy(~(.ulmmy,

]L SI’1’nlsr(’,lsillilt)]l’10 !illKx!’sL 1]1,11 sol.lr-tl,l!;{~~l lJll(~L(J(”ll~~lnil-,l]l)r(J-

C(’s:;vsllilVf’ rf’:1 I if+t i( prll!+llv(-t:, I’ur Ilrll(’tii’,llity only il’ llw prinhlry

(Illdfllllm HIIO1) ilot~s 1101 r~’llllir(’ l’N(’(’!lli I Vt* [~tlisr}:y ;IIIII fll ,l(ltli 1il)llOnly i f’

LIIr Ilroflurl is mori’ v;IIIldlIIII Ill:lti hy~lr~~}~(~tl iilltl I’,ItIIII)t ~’l)tii’t~lllt~lll Iy 1)11
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produced by a solar thermal method. Certainly, thermal systems appear to

offer the only practical probability for significant hydrogen production

from solar energy.

II. PRODUCTION TECHNIQUES

A. Electrochemical Hydrcgen Production.

The electrolysis of water is a well-known technique and although pre-

sent electrolyzers are relatively inefficient, a worldwide effort is un-

derway to develop advanced electrolysis methods for alkhline solutions,

acidic solutions or for the high-temperature electrolysis of steam by the

use of an ion conducting ceramic as an electrolyte. At present, nine coun-

tries are participants in I.E.A. programs to develop these techniques.~~

Excellent progress is being made and it is probably noL overoptimistic to

project the eventual availability of clectralyze,s with voltage effici.en-

cics of 85-90%. Consequently, if systems for Lhc efficient production of

solar electricity can be dev?lopcrl,ccommic solar-electric hydrogen pro-

duction may hccomr fcasibl.e. CerLainly, this cumhined system would assist

in solving the energy stor:lgcprobl(’mthat must b(! solved if solar-cle(:tric

is to I)cromca signific:lnLlTilcLot- in Ltw fuLurc rncr~y cconumy.

At the present Lime, solnr thrrm:llprogram~ for electricity arc di-

r(!cl~dprimnri]y low;]rllrollpl.ing(Fxistingslrom-(’1(’rtricor llr;lytoncycle

tc(hno]ogy L(J Lh(I difl’ur(int Sol:lv Lllorlllill systms lhnt ;Irrundrr dPkrlop-

mcnt. TIIU nppro.]ch is pr;l(”liu:ll ;Ind p(~rmiLs I“u(’llsing most of l.hc avnil-

ill)lo (?fforl (If] lhr Crll(’ iii I prdll I’ms of (Irvl’lol)illg tlIc Ili’;)t Hollr(.rs Lh(wl-

sulv(’s. Ilow(’v(’r, it. is pr~)ll:ll)l{’ L.llilt rxi sLin~ p(lw[’r pro(luclion IIIrl]IO(l S

wi I 1 floL yi(’1(1 11][’ (II I’i(.i(’llt”i(’s l)ol(’111 i,l] ]~ nv;li Iill)l(’ Ir(un 11111high lrm-

pi’r:ll II I.(I sol, lr sollr(’(’s WIIII II t hvs(’ hJV(l hlI(~II fIIIIY d(SVrIUpld, m~l.tttOt.lt,
i L !:r(sm!; prlldunt 11) (1(’vot !’ Hom(* 01’1 ort 10 (Irv(’lol)ing ;I I L(’rll:)t (~t mor(’ Ptf i -

ri(’nL lIIIWtIr (’(jllv[~r!;ioil ]IrI}l.IIssIIs , It i:; ill Illis ;lyI*il fI’,g, lolll}ill~ (’y(’l,~s

(If” (IV(SII (Ii rp(’t (.f]l]vl~f-:;itlll) wllI~rcs S’[’’l’l$ti~::l illg migll~ (’I’,. III;III1 (’ollrttllts th;IL

(S;lt) III;III {sVIIIIIII,II Iy l{)lli~:ll( r 1f)llv(’r:iitlll I*I I i (’il’llf.lt’s,

IL sll(JIilti 1)(’ III)lc’(1 [II;II H(~l.Ir llll~)~ov[]ll,li(”Nysltw!sC.Ill1)(~11$’!~4! to Illlw( ’1’

oli*I.1 rolyxi:i (.111I:;f(lrtly[lr~!l:~’tll)ro(lII1’t it)il , 11 is olwillllx111s11111~’r(’wil!

111~Ill,Illy sllII(” i .1 I sltll,)l i[)lls WIII*I”I* slllill I .sysl I 11)S ui I I 1)1’ Il:il’t Ill , ll{m’i~vl~l”, I
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realistic appraisal it should be apparent that solar thermal systems are

inherently more efficient by about a factor of three and are probably more

economical by a larger factor. Therefore, any large volume solar hydrogen

production will require the development of solar thermal systems.

B. Thermochemical Hydrogen Production..—.

It is widely recognized that for high temperature heat sources, pro-

duction processr uased on thermochemical cycles can yield higher effi-

ciencies than an overall path where heat is converted to electricity and

water is decomposed electrochemically. Consequently, there is a worldwide

effort to develop cycles to exploit the potential of thermochemical water

splitting, It should be noted that the total effort is small in compari-

son to the effort considered necessary to develop a new technology. In

addition, most of the programmatic s~pport has been given to applied pro-

grams concerned with early selection and engineering design of a specific

cycle rather than studies which might lead to the identification of better

cycles. Nevertheless, several thermochemical cycles have been sh~

technically fcasihle and three 112S04based cycles (ref. 4, 5, and

a bench-scale lCVC1 of development. The progress is encouraging,

principle, more efficient cycles arc possible, ]ldrLirul:lrlyfor h

p~raturc isoLhcrm.nl hcnt sources,

wn to be

6) arc at

but, in

gh tmn-
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02(g) . For high yield in this last step, a temperature near 1300 K is re-

quired. Consequently, the overall process of sulfuric acid decomposition

requires heat over a wide temperature range and is reasonably well matched

with the heat delivery characteristic of a cooling gas stream, e. g. from

a circulating gas-cooled reactor. 01 course, an isothermal heat source can

be used for sulfuric and cycles, but (in an ideal sense) with a loss of poten-

tial efficiency in comparison with cycles based on solids decompositions which

can match the isothermal, high-temperature heat available from solar thermal

systems.

Several laboratories have considered the formation of a metal sulfate

from the reaction of H2S04 in solution with a metal oxide (or an oxysulfate)

as a means to avoid the energy intensive step of concentrating the sulfuric

acid, Ideaily, the sulfate should be insoluble, should not be highly hydra-

ted and should not require excessive temperature (excessive heat) for its

decollposition. The bismuth sulfate cycle (one of tticslllfatesunder study

at Los Alamos) is an example of sulfuric acid-metal sulfate cycles.

Bismuth sulfate decomposes through a series of intermediate oxysulfates

rather than divertly to bismuth oxide, Equations 1, 2, and 3 describe the

dccompos;tion steps that nrc relevant to the cycle.

- lli20(S04)2+ S03?lj2(S04)3-

I]i20(S04)2 = Fli202S04 + S03

(1)

(2)

‘Ji2”2s04
(sO/+)O ~= ‘]i202,:l , + 0!:!so:) (3)



acid. These may be described as Alternate I and Alternate II. Both cycles

contain an additional step for the decomposition of SO~ to S02 and 02
.

ALTERNATE I

(s04)0 ~ = Bi2(S04)3 + 2.3 H20
‘i202.3 . + 2“3 ‘2s04

Bi2(S04)3 (s04)0 ,= ‘i202,3 . + 2“3 ’03

(4)

(5)

ALTERNATE II

Bi202.3(S04)oo7 + 1.3 H2S04= Bi20(S04)2 + 1.3 H20

Ili20(S04)2= Bi20203(S04)047 + 1.3 S~3

(6)

(7)

Altcrn.?tcI rcqllirrshigher sLrI?IIgLh sulfllric acid, but for each mole of

S03 finally decompos[!d, rcql~ircs n lower hismllth inventory and Icss energy

for drying the solid sultatcm Altern;ltc 11 rcqui.rcs lower strength sulfuric

acid, Thus , its potc!nLia~ advantngc would b~! “in combillntioll wiLh Lhc hybrid

sulfuric aci{lcycle an(!depund on Lhe pos~ihiliiy LhiIL si~lli,fic:]ntly 1.:ss

energy ml,ghl.h? required Lo form Lhc di]utc nci,d,

AL this time iL is I1OL clcnr LhiIL sulfurir ncid-mc!t;ll sulf;!kc ryrlrH

will, in practi,(!c prov(’ Lo bc bcttrr than LII(! ~ull”lltic il(:id (.yclrs. Wh~Lh(?r

thr possil)lc ndviIIILngr!s {irr rcnlizc.d wI.11 d(’prrl{l noL only on thr dcwclop-

mcnt of tiflLisfilcLory m(!Llm(ls for l~nndlin~ soli(ls, hIIL n INO OH i,mprovr?nw!nl.s

th:IL m:ly slil I !Io IWIII(’ on the fiull’uri,c ill- i (1 (:yr I (~!i 11)(*IIIS(91V(*S , AIIII i Lioil:l 1

(lcvolopm!nL wi I I illso ht! r(!(luiro(lm iI(ll”(Irt! LIIr “ill*sL” SIII j’i)L(l (~iili l~c C]ItJHfIII

for coup]ing wil.h il sull”urlc iiCi~l (’YCIC*. I:i Ilil I lY , i t 14110111(l 1)(’ II(JL( ’11 LIIil L

%11I f’iIL(’ CyC]t!!i :Ir(i l) O:i!+ i lJIIS Wh(’r(’ lIII! furmi)lioll Of Huli”ilric il(mi(! is IIOL

r{!fllli rf?d u~ illl ililrrm(vlidt(’ Ntr]),
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pling with a solar furnace since the oxide can be heated and decomposed in

air at temperatures where the oxygen dissociation pressure exceeds the pres-

sure of oxygen iri the atmosphere. Thus , the oxide could be heated directly

by solar radiaLion entering through a~ “air window” and the difficult prob-

lem of transmitting heat to the process, either through a container wall or

a quartz window, might be greatly simplified. The key to practicality for

such cycles will be determined by the chemistry of the low temperature re-

actions required to form the oxide ~lus an intermediate that can evolve

hydrogen as a product in an addi’.ional sequence of reactions. Since the

decomposition of an oxi(ie exhibits a relatively low entropy change (in

comparison to sulfate decomposition) one might expect that the low temper-

ature reactions will be reasonably complex and will probably require solu-

tion chemistry for separating the oxide from other products. However, it

seems probably that the advantages of oxide cycles for solar heat may over-

shadow the disadvontngrs of the sol.uti.on chcrni.stry.

At LOS Alm

ditions for the

reactjons are a

Sp~~Cif’ic oxi(lc}s

i]re:

0s , studic?s havrY been iniLjaLc?d to det.ermir,e practical con-

low tf!mpt!raturr steps in oxide cycles. Oxide decomposition

:;o Ijcing evalIIaLed ill ~oLi]ry kill] i][id fluidized b~:[l systems.

being con$id(!rc[l for a r:lngf> of (Ic(’ompositio[i temperatures

3 1:1’90.) = 2 l’k)o,+ + 1/2 02
L.

0):,04 = 3 co{) +- 1/2 0,
.

3 N11+3,, = 2 NII,;04 t’ 1/2 02
. .

2 MIIO,, = N112V) + 1/2 (),,
. .

‘1’~1-1750-1800 K

‘I’d -.1250 K

‘s(1 *1225 N

‘1’(1.!{()() K

llii~icll !;llIIly is ofl 111(’ (:t), [) /[:(1() 1),1i I“,
J (4

I 1 St! JIII(I I)(I f’ml)lld!;i ;!(I(I t 1111( (’t)tlili 1 ion:; I or tll(’ I ow l(wll)(’rilllll’l’ r(’ -

(1(’( i(JllS mlisl S1 i I 1 1)(’ (1(11f’rnli fl(I(l ;IIIII II(IIII(JII:; l r,Il(IIl, ‘1’11(’ l)(~!i:i it) I 1’ il(lVill)l,l}\(’!i ,

h(lw(’vl’r, ,1111)(1,11 tII oll’1’r sIIII i(i(’111 Jllhlil i(’,llioll I’or si~t)il’i(.~lllt (’! fort ,

IIOL (IIIIV ,IL I,())i Al,IIIIo:i 1)111 :IIs() II) [)111111. l;il)(~r,)tol’i!’s,
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